The plant-specific PALE CRESS (PAC) protein has previously been shown to be essential for photoautotrophic growth. Here we further investigated the molecular function of the PAC protein. PAC localizes to plastid nucleoids and forms large proteinaceous and RNA-containing megadalton complexes. It co-immunoprecipitates with a specific subset of chloroplast RNAs including psbK-psbI, ndhF, ndhD, and 23S ribosomal RNA (rRNA), as demonstrated by RNA immunoprecipitation in combination with high throughput RNA sequencing (RIP-seq) analyses. Furthermore, it co-migrates with premature 50S ribosomal particles and specifically binds to 23S rRNA in vitro. This coincides with severely reduced levels of 23S rRNA in pac leading to translational deficiencies and related alterations of plastid transcript patterns and abundance similar to plants treated with the translation inhibitor lincomycin. Thus, we conclude that deficiency in plastid ribosomes accounts for the pac phenotype. Moreover, the absence or reduction of PAC levels in the corresponding mutants induces structural changes of the 23S rRNA, as demonstrated by in vivo RNA structure probing. Our results indicate that PAC binds to the 23S rRNA to promote the biogenesis of the 50S subunit.
INTRODUCTION
In spite of the low coding capacity of the genomes in chloroplasts and mitochondria, the organellar RNA metabolism requires a surprisingly high number of nuclear encoded factors (Germain et al., 2013; Stoppel and Meurer, 2013; Belcher et al., 2015) . Some plastid RNA metabolism factors are highly specific for individual RNA processing or stability events; others affect a plethora of transcripts. Due to the pleiotropic nature of knockout plants it is often difficult to pinpoint the primary function of factors involved in plastid gene expression . This situation is particularly true when general plastid translation is affected due to the lack of ribosome processing and/or assembly, which indirectly causes transcriptional deficiencies due to a loss of expression of the plastid-encoded polymerase (PEP) leading to strong effects in RNA processing patterns and levels (Hajdukiewicz et al., 1997; Legen et al., 2002) .
Remarkably, in yeast approximately 250 ribosome biogenesis factors required for rRNA processing and assembly of ribosomes were identified, from which multiple orthologues can be found in the genomes of plants (Weis et al., 2015) . Biogenesis of chloroplast eubacterial-like 70S ribosomes consisting of 30S and 50S subunits is comparably complex in particular because it involves processing, maturation, modification, and assembly of the four co-transcribed rRNAs, 16S, 23S, 4.5S, and 5S, together with at least 57 ribosomal proteins, five of which, PSPR2-PSPR6, do not have eubacterial homologs Shajani et al., 2011) .
Ribosome biogenesis necessitates accurate processing of the rRNAs and occurs in an assembly-assisted manner Tiller and Bock, 2014) . Various factors required for chloroplast ribosome biogenesis were described but the precise molecular function often remained unclear (e.g. Bellaoui et al., 2003; Bisanz et al., 2003; Bollenbach et al., 2005; Komatsu et al., 2010; Nishimura et al., 2010; Lu et al., 2011; Bang et al., 2012; Lee et al., 2013; Fristedt et al., 2014) . The observed defects in these and other previously characterized mutants with altered chloroplast rRNA expression were accompanied by a relative increase of unprocessed or partially processed precursors of one or more of the four rRNAs (Bohne, 2014) , suggesting that the affected proteins promote rRNA processing rather than stabilization or assembly of the processed rRNAs in later stages of ribosome biogenesis.
Recent proteomics and localization studies suggested that initial ribosome biogenesis and rRNA processing take place similar as in eubacteria in association with the chloroplast nucleoids (Majeran et al., 2012; Bohne, 2014) . This factor may be important to spatially separate early rRNA processing and ribosome assembly processes from highly regulated translationally active sites in the stroma or in association with thylakoid membranes (Zerges, 2000) .
PAC is a plant-specific protein important for leaf and chloroplast development (Reiter et al., 1994; Grevelding et al., 1996; Meurer et al., 1998; Tirlapur et al., 1999) . Null alleles of PAC are seedling lethal and exhibit an albino phenotype (Reiter et al., 1994; Grevelding et al., 1996) . The pac phenotype could be partially rescued by treatment with cytokinin (Grevelding et al., 1996) . This might be due to the fact that cytokinin treatment leads to accumulation of plastid transcripts (Zubo et al., 2008) and has a protective role on the photosynthetic apparatus (Cortleven et al., 2014) , which might contribute to the greening of the pale pac leaves. Investigations done on the molecular level showed that the absence of PAC led to alterations of the maturation patterns and/or abundance of several plastid mRNAs (Meurer et al., 1998) , suggesting that PAC might be involved in plastid gene expression. However, the sublocalisation within the chloroplast, a potential RNAbinding capability, the endogenous RNA targets, protein complex formation as well as the underlying function of PAC remained entirely unknown.
The results presented here provide evidence that PAC is a nucleoid-localized, RNA-binding protein associated in vivo with several plastid RNAs including 23S rRNA. PAC co-migrates with immature 50S ribosomal particles and induces structural changes of the 23S rRNA when it is absent or its levels are reduced. Pac mutants show only uniformly reduced levels but no processing alterations of rRNAs pointing to a role of PAC in the assembly of the large ribosomal subunit.
RESULTS

PAC is required for accumulation of plastid ribosomal RNAs and translation
The albinotic pac mutants are only viable on sucrose-supplemented medium. In order to achieve photoautotrophic growth and to obtain sufficient amounts of plant material for thorough molecular studies, we generated RNAi plants, in which PAC gene expression was substantially downregulated ( Figure S1a ). For the same reason, partially complemented plants (pComp) were selected, which, similar to the PAC RNAi plants, were able to grow on soil but exhibited a pale-green phenotype and retarded growth as compared to the wild type (WT; accession Col-0) and to fully complemented mutant plants ( Figure S1b) .
RNA gel blot analysis revealed that one of the most obvious changes in pac mutants was related to the plastid ribosomal RNA. Chloroplast rrn23 and rrn16 transcripts were barely detectable in pac mutants and their levels were notably reduced in the partially complemented pac plants as well as in PAC RNAi lines (Figure 1a) . Quantification of the plastid rRNA in total leaf RNA using Agilent Bioanalyzer showed that the decrease of rrn23-1.1, -1.3, and rrn16 correlated with the phenotype severity (Figures 1a  and S1 ). When compared with the WT, levels of the 1.1 and 1.3 kb fragments of the 23S rRNA were reduced to 15 and 23%, respectively, while the reduction of the 16S rRNA amounted to 32% suggesting that rrn23 is affected stronger than rrn16 in pac mutants ( Figure 1a) .
Reduction of rRNA levels is likely to result in less ribosomes, which in turn reduces translation efficiency. Therefore, polysome loading of plastid transcripts was examined. In accordance with the observed rRNA decrease, polysome loading of the randomly chosen psaA and psbK transcripts was clearly affected in pac mutants pointing to a general translation deficiency (Figure 1b) . Also de novo protein synthesis was severely impaired, as in vivo labeling of plastid proteins resulted in very poor 35 S-methionine incorporation in pac, PAC RNAi and pComp plants as compared to the WT and fully complemented lines ( Figure 1c) .
As impaired protein synthesis would lead to insufficient transcription due to reduced levels of the PEP, patterns and abundance of plastid transcripts in pac were compared to plants treated with the plastid translation inhibitor lincomycin and to two other very pale mutants, rhon1 Chi et al., 2014) and ins11 (Cho et al., 2009) , with obvious and slight reductions of plastid rRNAs, respectively (Figure 2 ). Abolished plastid translation in the lincomycin-treated plants led to severe alterations of plastid transcripts levels and/or maturation patterns, as has been demonstrated in other translation deficient mutants (Cho et al., 2009; Wang et al., 2016) . Interestingly, some of the tested transcripts in pac (psaA, psbB, psbA) were comparable with the ones in lincomycin-treated plants in terms of their processing patterns and accumulation, whereas others showed mild (petA, psbK, ycf2, rbcL) to pronounced (rrn16, rrn23, ndhD, ycf1, ndhF) differences, indicating that the observed transcript alterations in pac mutants might not entirely be secondary effects or a mere consequence of compromised translation. Notably, two of the tested transcripts (ndhD, ycf1) were found at much higher levels in pac when compared with the lincomycin-treated and WT control plants (Figures 2 and S1c), indicating that transcription is not primarily impaired in pac.
PAC is found in large RNA-containing complexes in chloroplast nucleoids and forms homomultimers
To examine the localization of the full-length protein, the entire coding region of PAC was fused to YFP and expressed transiently in tobacco protoplasts under the control of the cauliflower 35S promoter. YFP signals co-localized with chlorophyll fluorescence confirming the chloroplast localization (Figure 3a) . Moreover, the signals within the chloroplasts appeared spotty implying that PAC might be localized in nucleoids. To check this finding, the chloroplast nucleoids-targeted protein RAP (Kleinknecht et al., 2014) was fused to CFP and co-expressed with PAC. The overlap of the fluorescence signals confirmed the nucleoid localization (Figure 3a) .
When mature PAC was expressed in E. coli as a fusion to the maltose binding protein (MBP) and purified by affinity and subsequent size exclusion chromatography (SEC) in the presence of b-mercaptoethanol, it did not elute from the gel filtration column at the expected size of 77 kDa but in a fraction corresponding to the size of 158 kDa (aldolase) (Figure 3b ), indicating that PAC could form redox-stable homodimers. When reducing agents were omitted, a second protein peak of size between 440 kDa (ferritin) and 158 kDa (aldolase) appeared, arguing for redox-sensitive multimerization of PAC. (c) Size distribution of PAC complexes. Native stroma extracts were fractionated on Superose 6 10/300 GL column using an € AKTA FPLC system before and after RNase treatment. Precipitated fractions were separated on SDS gels (fractions 1-10, 100%, fractions 12-24, 33%) and blots were stained with CBB. Complexes are indicated above and were deduced from Olinares et al. (2010) . The used antibodies are shown on the left. Membranes were reprobed. PAC signals from previous immunodetection are marked by asterisks. LMWC, low-molecular-weight complexes.
To investigate PAC complexes in vivo, native stroma extracts were fractionated by SEC and investigated by immunoblotting. Columns and conditions were chosen to separate complexes in the range up to 5 MDa allowing chloroplast ribosomes to be resolved in different assembly and functional states (Olinares et al., 2010) . Under those conditions, PAC was found to form complexes ranging from~75 kDa to~3 MDa (Figure 3c ). Such broad size range migration behaviour has been reported for other well characterized RNA-binding proteins with distinct molecular function in chloroplasts (Beick et al., 2008; Pfalz et al., 2009; Hammani and Barkan, 2014) . Three PAC protein peaks were observed and sizes were estimated according to marker protein migration: the first in the low-molecular-weight range (~75-158 kDa, fractions 18-20), the second roughly corresponding to the size of Rubisco (~550 kDa, fractions 10-14), and the third ranging from 1 to 3 MDa (fractions 3-8) ( Figure 3c ). The latter disappeared upon RNase treatment indicating that it contains RNA. Moreover, these PAC megadalton complexes co-migrated with ribosomal particles, as shown by immunoblot analyses with PRPL11 and PRPS5 antibodies, indicating that high-molecular-weight PAC complexes are likely to contain ribosomal RNA. Interestingly, the PAC peak in the MDa range (fractions 7 and 8) did not correspond to the peak of the 50S subunit (fractions 5 and 6) but co-migrated with RNase-sensitive ribosomal particles, indicating that PAC is not associated with mature 50S subunits but with rRNA of premature, not fully assembled and RNase-sensitive ribosomes. In general, the highly structured nature of rRNAs and the fact that mature ribosomal subunits are tightly packed with proteins makes ribosomal RNA less accessible for RNases (Williams and Barkan, 2003) . On the contrary, naked rRNAs and rRNA in partially assembled ribosomal subunits are more accessible, thus more sensitive to nucleolytic attacks. Hence, ribosomal particles that co-migrated with PAC are likely to resemble pre-assembled states of the 50S ribosomal subunit, as they are RNase-sensitive and were found in fractions, in which immature ribosomes were identified using SEC and proteomics approaches (Olinares et al., 2010) . The other two PAC complexes, migrating at~550 and~75-158 kDa, were not affected by the RNase treatment, suggesting that those are either RNA-free homo-and/or heteromultimers or contain tightly bound and/or compactly structured RNA fragments, which are barely accessible by RNases.
PAC Associates with a subset of plastid RNAs in vivo
Nucleoids are the site of ribosome biogenesis (Bohne, 2014) and RNA metabolism in general. Given that pac mutants show alterations of plastid RNAs and that PAC resides in plastid nucleoids, where it forms RNA-containing complexes, points to a direct role of PAC in RNA metabolism and/or ribosome biogenesis. Therefore, RNA-coimmunoprecipitation coupled with RNA deep sequencing (RIP-seq) was conducted to find RNAs associated with PAC in vivo. Two replicates were included to identify bound RNAs using WT stroma extracts and PAC-specific, immunoprecipitation (IP)-capable antibodies. Antibodies against HCF101, another soluble plastid protein or the pre-immune serum were used in negative control experiments. RNAs from psbK-psbI, psbM-trnD, rbcL-accD, rrn23, ndhF/D, and ycf1 were enriched in the precipitate (Figure 4a ). Slot-blot analysis of PAC-immunoprecipitated RNAs confirmed strong association with psbK-psbI, rrn23, ndhF and ndhD, as well as a slight enrichment of psbM and ycf1, but failed to reproduce association with rbcL ( Figure 4b ), indicating that enrichment of rbcL-accD is probably an artefact. Such artefacts have been described also in RIP-chip assays (Ferrari et al., 2017) . The enrichment of the target RNAs psbK-psbI, rrn23, ndhF and ndhD was also unambiguously confirmed by a repeated RIP-seq experiment ( Figure S2 ).
PAC binds RNA in vitro
As PAC associates with 23S rRNA of most likely preassembled 50S ribosomal particles and pac mutants exhibited pronounced defects in ribosomal RNA abundance along with translation impairments that mostly account for the mutant phenotype, it is reasonable to assume that rrn23 is one of the primary targets of PAC. Thus, we next aimed to fine-map in vivo the region within rrn23 which is associated with PAC by immunoprecipitation and slot-blot hybridization using five 80-nt probes along the rrn23 sequence. The strongest enrichment was detected with the internal rrn23-3 probe, indicating that the PAC interaction site is located in the central part of the rrn23 transcript (Figure 5a ). As this association might be indirect via another protein, we next tested whether PAC can bind to this rRNA directly in vitro. For that purpose, recombinant PAC (rPAC) was proteolytically cleaved from the MBP moiety, subjected to a size exclusion purification step and used afterwards in an electrophoretic mobility shift assay (EMSA) with RNAs of~150 nt length produced by in vitro transcription. rPAC was able to bind directly and with specificity to the middle part of rrn23, but did not recognize a probe from the 3 0 region of rrn23 (Figure 5b ), indicating that PAC is indeed an RNA-binding protein. This result is further supported by the structural model of PAC generated by I-TASSER (http://zha nglab.ccmb.med.umich.edu), which shows that the mature PAC protein consists of helical hairpins (Figure 5c ), a common characteristic of RNA-binding proteins containing PPR, OPR, half-a-tetratricopeptide (HAT) and PUF domains (Paulson and Tong, 2012; Hall, 2016) .
PAC contributes to the biogenesis of the 50S ribosomal subunit
The above results demonstrated that PAC is associated with the 23S rRNA in vivo and can bind to it in vitro. Importantly, in pac mutants, levels of ribosomal RNAs are reduced but not altered in their processing patterns (Figures 2 and S3) , indicating that PAC is not an rRNA processing factor. Besides rRNA processing, ribosome assembly is another important step of the ribosome maturation process, which requires auxiliary factors that are either associated or interact transiently with the rRNA or proteins of ribosomal subunits. To address the question whether biogenesis of the 50S subunit is affected, stroma extracts from WT and PAC RNAi plants, in which PAC transcripts were reduced to less than 10%, while PAC proteins accumulated to less than 25% of WT levels (Figure S1a), were subjected to SEC under the same condition as mentioned above. In the stroma of PAC RNAi plants, the~550 kDa PAC complex (fractions 10-14) accumulated to similar levels as in the WT but the~75-158 kDa complex (fractions 18-20) was greatly reduced (Figure 6 ). Interestingly, the RNA-containing high-molecular-weight PAC complexes (fractions 3-8), which co-migrated with premature ribosomal particles, were under the limit of detection. This might suggest that Rubisco-sized PAC complexes are rapidly and early formed and remain stable, whereas the other two complexes might exhibit some dynamics, e.g. the~74-158 kDa PAC particles could represent a pool of homomers, which only associate with 23S rRNA to form MDa complexes when they are needed. As levels of this pool are highly reduced in PAC RNAi plants also the MDa RNA-containing complexes could not be formed.
Also amounts of PRPL11 as part of the 50S ribosomal subunit were significantly reduced, while the PRPS5 protein of the 30S particle accumulated to WT levels, suggesting that the biogenesis of the 50S ribosomal subunit is affected in pac. It is worth noting that levels of PAC and proteins of the 50S ribosomal subunit might be even stronger reduced than deduced from immunoblot analysis, as equal amounts of stromal protein were loaded and Rubisco levels in PAC RNAi plants are reduced to roughly 50% (see loading controls in Figures 1c and S1a) . Given that Rubisco is the most abundant protein in the stroma, normalizing to total protein causes overloading of otherwise underrepresented proteins in PAC RNAi lines. To further test the hypothesis that PAC influences the biogenesis of the 50S ribosomal subunit, we assayed the effect of PAC on the structure of the 23S rRNA in vivo by probing with dimethyl sulfate (DMS) -a small reactive chemical, which can penetrate plant tissues and membranes quickly and easily (Hoffmann, 1980) . DMS methylates adenines and cytosines only in single stranded RNAs. RNA regions that are less structured or not protected by proteins are more accessible, hence, show higher DMS reactivity (Lempereur et al., 1985) . In primer extension assays, DMS-methylated nucleotides prevent base pairing, thus reverse transcription is inhibited and strand extension pauses, resulting in accumulation of shorter primer extension products.
WT, pComp, PAC RNAi and pac plants were treated with DMS. Total RNA was isolated and modified 23S rRNA was assayed by primer extension using two oligos: one binding at the very 3 0 end of the processed 23S rRNA, the second binding near the central region of the 23S rRNA. Reduced levels of PAC in pComp, PAC RNAi, and its absence in pac plants resulted in differential DMS methylation of several nucleotides as compared with the DMS-treated as well as untreated WT. Although levels of rRNAs are considerably reduced in pComp, PAC RNAi, and pac ( Figure S3 ), distinctly higher reactivity in those lines was observed near the 3 0 region of processed 23S rRNA, indicating that this region is less structured and/or less associated with ribosomal proteins compared with the WT (Figure 7) pointing to 50S maturation defects in pac mutant lines.
DISCUSSION
In our previous study, we showed that knockouts of the nuclear PAC gene are defective in general chloroplast gene expression with pleiotropic effects in the RNA transcript patterns and abundance (Meurer et al., 1998) . Generally, in pale mutants defective in gene expression, NEP and PEP transcripts are up-or downregulated, respectively, and processing patterns differ from the WT as it is the case in pac (Cho et al., 2009) . Therefore, it is difficult to determine the primary defects in such mutants unless the direct RNA targets are known. Here we made effort to identify the main RNA targets and deduce the function of the PAC protein.
The genetic and molecular data presented here pointed out that PAC is an RNA-binding protein localized in plastid nucleoids. It is associated in vivo with the 23S rRNA as well as with psbK-psbI, ndhF and ndhD mRNAs, and forms high-molecular-weight complexes. Importantly, the pronounced impact of PAC on the biogenesis of plastid ribosomes severely influences translation, leaf coloration, plant growth and leads to seedling lethality.
PAC binds to the plastid 23S rRNA and assists in the biogenesis of 50S ribosomes RIP-seq and slot-blot hybridization identified 23S rRNA as well as psbK-psbI, ndhF and ndhD messages as RNA targets of PAC. The albino phenotype, the dramatic decrease of especially the plastid 23S rRNAs, the severely impaired de novo translation, the aberrant polysome loading and the altered 23S rRNA structure in chloroplasts, all point to an important role of PAC in ribosome biogenesis. Several mutants, e.g. ppr2, ppr4, ppr5, crs2-1, and rnc1 (Jenkins and Barkan, 2001; Williams and Barkan, 2003; Schmitz-Linneweber et al., 2006; Watkins et al., 2007; Beick et al., 2008) , exhibiting pale to albinotic phenotypes have been reported to lack plastid ribosomes, as it is the case in pac mutants. In many of these mutants, it is difficult to assess whether the lack of chloroplast ribosomes is a primary or a secondary effect resulting from defects in rRNA processing, splicing or stability of tRNAs or of transcripts encoding proteins of the translational machinery. In contrast, in other mutants such as rap, rh22, rhon1 and sot1, a direct interaction with chloroplast rRNAs has been demonstrated (Chi et al., 2012 (Chi et al., , 2014 Kleinknecht et al., 2014; Wu et al., 2016) . Similarly, in pac mutants the lack of plastid rRNAs appears to be a direct consequence of the absence of PAC proteins, as we found PAC to be associated with the 23S rRNA in vivo and to be able to bind to it in vitro (Figures 4 and 5) . Defects in plastid rRNAs would lead to impaired translation of chloroplast mRNAs, including those of the PEP, which in turn results in general aberrant transcript abundance and patterns consequently causing albinism (Legen et al., 2002) . Thus, based on our results, it stands to reason that the major target of PAC is the 23S rRNA and one of its functions is the assistance in the biogenesis of the 50S ribosomal subunit, as aberrant ribosomes are likely to account for the pleiotropic pac mutant phenotype.
Five proteins have been reported so far to play a role in ribosome assembly in chloroplasts, three GTPases: DER (Jeon et al., 2014) , ObgC (Bang et al., 2012) , and RIF1 (Liu et al., 2010) , and two DEAD-box RNA helicases: RH3 (Asakura et al., 2012) and RH22 (Chi et al., 2012) . While homologs of the GTPases exist in bacteria, no clear homologs could be found for the two helicases, which were both important for the biogenesis of the large ribosomal subunit. Similar to RH3 and RH22, and to the so called plastidspecific ribosomal proteins (PSRPs) (Tiller et al., 2012) , which basically represent a subset of ribosome-associated proteins identified by proteomics approaches of purified plastid ribosomes from spinach Subramanian, 2000, 2003) , PAC seems to have been acquired rather late during endosymbiosis. One reason for that may be the fact that higher plants, in contrast to bacteria, are exposed to changing environmental conditions and need to adjust the plastid RNA metabolism and translation according to external stimuli (Cho et al., 2009; Chotewutmontri and Barkan, 2016) . It is therefore possible that plant-specific RNAbinding proteins occurred to regulate gene expression and translation according to the need of the plant cell in response to environmental changes. This assumption would imply that the expression of RNA-binding factors themselves must be under environmental control. In preliminary experiments we investigated a presumable redox-, temperature-and light-dependent expression of PAC. It Figure 7 . DMS structure probing of 23S RNA. RNA was extracted from DMS-treated leaves and used in a primer extension assay. Untreated WT leaf RNA was used as a negative control. Fragments present in all samples represent reverse transcription abortion products resulting from strong RNA secondary structures or processing sites. Bands occurring only in DMS-treated samples correspond to methylation events in unstructured or free-of-protein RNA segments. Differences between DMStreated WT and pComp, PAC RNAi as well as pac samples are marked by asterisks. Strong effects are indicated by double asterisks. Due to reduced levels of plastid rRNA in pac, the pac lane was overexposed for a better comparison. Primer positions are indicated in the graph above. Internal primer: 6_23S_Rev; 3' primer: Rev_7_23S. appeared that PAC transcripts were severely downregulated upon oxidative stress, heat treatment under different light regimes, such as red, far red and high light conditions, while cold and DCMU treatment had no measurable effect on PAC expression ( Figure S4) .
Generally, chloroplasts contain protein-synthesizing systems that are considered to be very similar to those of bacteria, which are by far much better studied and understood. Beside the ribosomal proteins, three other non-ribosomal protein classes are needed for correct folding of rRNAs in E. coli: RNA chaperones, RNA helicases and ribosome-dependent GTPases (Kaczanowska and Ryden-Aulin, 2007) . As PAC does not possess any motifs characteristic of DEAD-box helicases or GTPases, it is possible that it might belong to a novel class of RNA chaperones. In general, E. coli ribosomal subunits can be reconstituted in vitro without the need of any other factors (Williamson, 2003) . However, to facilitate, speed up and optimize ribosome assembly additional non-ribosomal proteins are required in eubacteria and obviously also in chloroplasts. RNA chaperones are needed to destabilize misfolded structures of long RNA molecules such as 23S RNA allowing the RNA to refold and form the correct structure (Lorsch, 2002) . As PAC impacts the 23S rRNA structure in vivo, it is possible that PAC represent an 23S rRNA chaperon. Although the PAC binding site is located in the central part of the 23S rRNA, the most pronounced structural changes were located at its 3 0 end as demonstrated by in vivo DMS probing (Figure 7) . Given that the assembly of the E. coli 23S rRNA does not follow the 5 0 to 3 0 transcription direction (Kaczanowska and Ryden-Aulin, 2007) , it is therefore possible that during assembly in the tertiary context PAC bound to the central part of the 23S rRNA is in close proximity to 3 0 end of the 23S rRNA and can influence the RNA structure through interaction with other factors or ribosomal proteins, which act on the 3 0 end of the 23S rRNA.
Alternatively, changes in the structure at the 3 0 end of the 23S rRNA could also be a direct consequence of the binding of PAC farther upstream, as such structural changes of RNAs downstream of protein binding sites have already been demonstrated (Prikryl et al., 2011; Hammani et al., 2012) .
We next considered the function of PAC with respect to the other RNA targets: psbK-psbI, ndhF and ndhD. Effects of the disruption of the psbK gene have only been studied in cyanobacteria and green algae so far. PsbK mutants in Synechocystis sp. PCC 6803 and in Thermosynechococcus elongatus BP-1 showed photoautotrophic growth comparable to the WT (Zhang et al., 1993; Sugimoto and Takahashi, 2003) . In Chlamydomonas reinhardtii, disruption of the PsbK gene led to destabilization of the PSII reaction center complex (Takahashi et al., 1994) . In cyanobacteria, psbK is transcribed as a monocistronic message (Zhang et al., 1993) , while in tobacco it is part of the psbK-psbI Rubisco trnG gene cluster (Meng et al., 1991) . In pac mutants, levels of all four transcript forms -the tricistronic psbKpsbI-trnG (2.6 kb), the dicistronic psbK-psbI (1.3 kb), and the two forms of monocistronic psbK transcripts (0.4 and 0.7 kb) -were notably reduced as compared with the WT (Figure S3 ). Also levels of unprocessed and processed psbI and trnG were strongly reduced ( Figure S5a) . To consider the effect of reduced psbI and psbK transcript levels, we aimed to investigate the formation of photosynthetic complexes in PAC RNAi lines by blue native PAGE. It appeared that in PAC RNAi lines the PSII supercomplexes and the PSI-NDH complex were slightly less abundant than in the WT, which would be consistent with reduced levels of psbI (Schwenkert et al., 2006), while PSII monomer, cytochrome b 6 f complex, LHCII assembly, and LHCII trimer accumulated to nearly WT levels ( Figure S5b ). Nevertheless, it seems quite unlikely that effects on photosynthetic complex stability could account significantly for the pac phenotype. An additional contribution to the severe pac phenotype is rather likely to result from a decrease of trnG, which encodes the tRNA(Gly) (UCC). In maize, disruption of PPR5 leads to decrease in both, spliced and non-spliced trnG-UCC RNAs accompanied by deficient chloroplast ribosomes and seedling lethality (Beick et al., 2008) . Therefore, we cannot exclude that reduced levels of this tRNA beside impaired 50S ribosome biogenesis, at least to a certain extent, also affects translation in pac and contributes to the phenotype.
Interestingly, levels of the third RNA target of PAC, ndhD, were significantly increased in pac mutants, therefore, it is possible that PAC regulates amounts of NdhD by destabilizing the ndhD RNA, so that a decrease or an absence of PAC would lead to increased ndhD transcript levels (Figures 2 and S3) . Alternatively, decrease of PEP due to impaired translation might be compensated by increasing the amount and/or activity of the NEP, as has been described in transplastomic Drpo and plastid gene expression mutants (Legen et al., 2002; Cho et al., 2009 ). This up-regulation could be triggered by retrograde signals when translation is strongly reduced (pac) but not completely abolished as is the case in lincomycin-treated plants. Thus, RNAs generated by the NEP, such as ndhD, would overaccumulate. In favor of this theory, levels of rpoB transcripts -one of the few plastid genes transcribed exclusively by the NEP (B€ orner et al., 2015) -were greatly increased as well. Although levels of polycistronic ndhD transcripts (~2.6 kb) were considerably higher than in the WT, the monocistronic message (~1.4 kb) was decreased ( Figure S3) , rather pointing to a role of PAC in ndhD processing. Levels of ndhF were reduced in pac and a highmolecular-weight band appeared, indicating stability or processing defects. However, given that Arabidopsis and tobacco mutants defective in NDH complex accumulation exhibited only a very subtle phenotype, even when subjected to various stress conditions (Barth and Krause, 2002; Muraoka et al., 2006) it seems unlikely that defective NDH complexes in pac contributed significantly to the overall phenotypic alterations in pac.
The fact that retrograde signals are not inhibited in pac is further supported by the observation that the RNAs of the nucleus-encoded light-regulated and photosynthesis-related genes rbcS, psbO and petC accumulated in pac to WT levels (Meurer et al., 1998) implying that a certain developmental stage of the chloroplast was reached in pac presumably due to a residual PAC-independent translation. PAC is expressed at early stages of development ( Figure S5c) , in which highest translational activity is needed to achieve the required expression of plastid genes. Binding of PAC to psbK, ndhF and ndhD mRNAs adds a further layer of complexity to the function of PAC in RNA metabolism in addition to its function in biogenesis of the 50S subunits, which could be important for fine tuning of plastid gene expression.
EXPERIMENTAL PROCEDURES
Plant cultivation
The Arabidopsis pac allele used in this work corresponds to the pac-2 T-DNA insertion line described previously (Grevelding et al., 1996) . Surface-sterilized seeds were grown on " MS medium supplemented with 1.5% sucrose in continuous light with a photon flux density ( 
EMSA
EMSA experiments were performed as described previously (Manavski et al., 2015) with some changes. Binding reactions (20 ll) contained 40 mM Tris-HCl pH 8.0; 30 mM KCl; 1 mM MgCl 2 ; 0.01% w/v NP40; 1 mM DTT, 50 lg ml À1 heparin, trace amounts of radiolabelled probes and increasing concentrations of recombinant PAC (100, 200, 400, 800 nM). Probes were produced by in vitro transcription using PCR products as described (Manavski et al., 2015) . For primer information see Table S1 .
In vivo labeling
Two-week-old Arabidopsis plants grown at 30 lmol photons m À2 sec À1 were harvested and roots were removed. After incubation in 400 ll labeling buffer (1 mM phosphate buffer KH 2 PO 4 /K 2 HPO 4 pH 6.3; 20 lg ml À1 cycloheximide; 0.1% w/v tween 20) for 30 min at RT, 40 ll of 35S-methionine were added. Samples were vacuum infiltrated three times for 20 sec, 500 ll of labeling buffer were added and incubated for 1 h at room temperature in ambient light. Plants were washed in labeling buffer and water, and frozen in liquid nitrogen. Total protein was extracted from ground tissue with the same volume of isolation buffer containing 100 mM Tris pH 8.0; 5 mM EGTA pH 8.0; 5 mM EDTA; 150 mM NaCl; 0.5% Triton X-100, 10 mM DTT and a protease inhibitor cocktail (Roche, Basel, Switzerland) . Following centrifugation (4°/15 min/13 000 g), protein concentrations were determined via Bradford and equal amounts of total protein were separated on a 10% polyacrylamide gel. Proteins were visualized by Coomassie staining. Gel was dried and signals were detected using the Typhoon Variable Mode Imager (GE Healthcare, Little Chalfont, UK).
Size exclusion chromatography (SEC) and sucrose gradient fractionation
Chloroplasts were isolated from 4-week-old plants as described previously . Chloroplasts were lysed in extraction buffer (10 mM HEPES-KOH, pH 8.0, 5 mM MgCl 2 , and protease inhibitor cocktail (Roche, Basel, Switzerland) by passing the suspension 20 times through a 0.5 mm needle. Membranes were pelleted by centrifugation at 45 000 g for 30 min at 4°C. One milligram of RNase A-treated (100 lg RNase A (Qiagen, Valencia, CA, USA), 1 h on ice.) or untreated stroma extracts were fractionated by SEC using Superose 6 10/300 GL column (GE Healthcare, Little Chalfont, UK) and an € AKTA FPLC system (Amersham Biosciences, Little Chalfont, Buckinghamshire, UK) as described previously (Olinares et al., 2010) . Fractions (0.5 ml) were precipitated with TCA and separated on 10% SDS-PAGE.
SEC of recombinant PAC proteins was performed on a Superdex 200 10/300 GL column (GE Healthcare, Little Chalfont, UK) with buffer containing 100 mM Tris-HCL pH 8.0, 150 mM NaCl, 1 mM EDTA and flow rate of 0.7 ml min À1 . Size of complexes were determined using the Gel Filtration HMW Calibration Kit (GE Healthcare, Little Chalfont, UK).
RIP-seq and slot-blot
For RIP-seq, 2-week-old WT plants were used. Chloroplast isolation and stroma extract preparations were performed as described previously (Schmitz-Linneweber et al., 2005) . For deep sequencing of RNAs co-immunoprecipitating with PAC, libraries were generated with the ScriptSeq v2 RNA-seq Library Preparation Kit (Epicentre) according to manufacturer's instructions. Sequencing (29 150 bp, v2 chemistry) was performed on a MiSeq sequencer (Illumina) yielding 4.9 Mio and 5.4 Mio primary reads for PAC antibodies and pre-immune serum control, respectively. Primary reads were aligned to the Arabidopsis chloroplast genome (accession number NC_000932.1) using CLC Genomics Workbench 6.5.1 (Qiagen, Valencia, CA, USA) with the following parameters: mismatch cost = 2, insertion cost = 3, deletion cost = 3, length fraction = 0.5, similarity fraction = 0.8, global alignment = no, auto-detect paired distances = yes. Numeric data (reads/nucleotides) are provided in Table S2 . The analogous second RIP-seq experiment yielded 12 Mio and 8.4 Mio primary reads for HCF101 control and PAC antibodies, respectively.
Slot-blot experiments were performed as described recently (Manavski et al., 2015) . Primers for PCR probes and 80-mers are listed in Table S1 .
were stripped and reprobed. For primer information see Table S1 . rRNA quantification was performed on Bioanalyzer using 1 lg of total RNA and RNA 6000 Nano Kit (Agilent, Santa Clara, CA, USA).
Antibodies
PAC antibodies (Stoppel et al., 2011) were used at 1:5000 dilutions and plastid (P)RPS5 antibodies (Uniplastomic) at dilution 1:1000. Anti-PRPL11 antibodies were raised against peptides GVEKGSKDPQQDKVG and MGIDIDPPILEPKKK. Peptide production, rabbit immunization and IgG purification were preformed by Eurogentec. For immunodetection, dilutions of 1:1000 were used. PAC pre-immune serum and HCF101 antibodies (Schwenkert et al., 2010) were used as negative controls in RIP-seq experiments.
Generation of PAC RNAi lines and mutant complementation
A 299-bp fragment of the PAC sequence was PCR-amplified with primers (PAC RNAi 1c/PAC RNAi 2), cloned into pENTR/D-TOPO (Invitrogen, Carlsbad, CA, USA), and transferred into the binary Gateway vector pB7GWIWG2(I) (Plant System Biology). The resulting construct was introduced into Agrobacterium tumefaciens GV3101 (pMP90RK) and used for transformation of WT plants via floral dip method (Clough and Bent, 1998) . Transformed seedlings were selected with BASTA. Plants able to grow on soil and showing a pale-green phenotype were selected.
The PAC cDNA starting six nucleotides upstream of the start codon and lacking the stop codon was amplified with primers (Fw PAC pAUL11/Rev PAC pAUL11) and cloned into pAUL11 (Lyska et al., 2013) using the Gateway technique (Invitrogen, Carlsbad, CA, USA). This allowed HA-Strep-tagging in vivo . Heterozygous pac plants were transformed by floral dip method (Clough and Bent, 1998 ) and transgenic T 1 -plants were selected with BASTA.
Blue native PAGE
Thylakoid isolation, solubilization, and BN-PAGE were performed as described (Schwenkert et al., 2006) . Lanes were denatured for 30 min in denaturation buffer (2% SDS; 66.7 mM Na 2 CO 3 ; 100 mM DTT) and run in the second dimension in Tris-Tricine PAGE (10% acrylamide and 4 M urea). Gels were stained with colloidal Coomassie Brilliant Blue as described previously (Dyballa and Metzger, 2009 ).
Recombinant protein expression and purification
The coding sequence of PAC lacking the transit peptide for chloroplast import (aa 23-313) was amplified from an Arabidopsis cDNA library using oligonucleotides (Fw BamHI PAC Rev/Rev SalI PAC Strep), which introduced BamHI and SalI restriction sites as well as a Strep-Tag II. PCR products were digested (BamHI/SalI) and cloned into the BamHI/SalI sites of pMAL-TEV vector (kindly provided by Alice Barkan). Expression and purification were performed as described (Chi et al., 2014) . Purified proteins were used directly for SEC, EMSA or stored up to 2 weeks in the fridge.
Subcellular localization studies
The entire coding region of PAC was PCR-amplified from an Arabidopsis cDNA library using oligonucleotides (Fw PAC CACC/Rev PAC -stop). Products were cloned into pENTR/D-TOPO (Invitrogen, Carlsbad, CA, USA) and subcloned into the binary Gateway vector pB7YWG2 (Plant System Biology). pENTR/D-TOPO::RAP (kindly provided by J€ org Nickelsen (Kleinknecht et al., 2014) ) was subcloned into pH7CWG2 via the Gateway technique.
Protoplasts were prepared as described previously (Schweiger et al., 2012) . 10 lg of pB7YWG2:PAC and pH7CWG2:RAP, each, were mixed with 100 ll of protoplast suspension and 125 ll freshly-made PEG solution (2 g PEG4000, 1.75 ml H 2 O, 1 ml 1 M mannitol, 0.5 ml 1 M Ca(NO 3 ) 2 ) was added. After incubation for 7.5 min, W5 buffer (150 mM NaCl, 125 mM CaCl 2 , 5 mM KCl, 2 mM MES pH 5.7, Osm. 550-580) was added to 2.5 ml. Protoplasts were incubated at 23°C overnight in the dark and fluorescence signals were analyzed on a confocal laser scanning microscope as described (Schweiger et al., 2012) .
DMS probing
Leaves from 2-week-old WT, pComp, PAC RNAi, and pac plants were harvested and incubated for 4 min in 1% of DMS freshly prepared in water. DMS solution was then replaced by ice-cold water and samples were chilled on ice for 5 min. Leaves were frozen in liquid nitrogen and total RNA was extracted using TriPure Isolation Reagent (Roche, Basel, Switzerland) as recommended by the manufacturer. In total, 1 lg of total RNA was used for primer extension assay with primers Rev_7_23s and 4_23S_Rev, and transcriptor reverse transcriptase (Roche, Basel, Switzerland). Primer extension reactions were performed as described (Barkan, 2011) except that ddNTPs were not added. Extension was performed at 50°C. Samples were separated on a pre-run denaturing 8% polyacrylamide gel in 19 Tris/borate/ EDTA (TBE) buffer.
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